The dependence of the inelastic lifetime of electrons in the first n = 1 image-potential state of clean and rare-gas covered Ag(111), Cu(111), and Cu(100) surfaces on their momentum parallel to the surface has been studied experimentally by means of time-and angle-resolved two-photon photoemission spectroscopy (2PPE) and theoretically by calculations based on the many-body theory within the self-energy formalism. Similar to the previously studied clean Cu(100) surface, the theoretical results are in excellent agreement with the experiment findings for Cu(111). For Ag(111), the theory overestimates the decay rate and its momentum dependence, which is attributed to the neglect of surface plasmon excitations. With increasing parallel momentum, the n = 1 state shifts out of the projected bulk band gap on both surfaces and turns into an image-potential resonance. This opens an additional decay channel by resonant electron transfer into the bulk, which is theoretically treated by the application of the wave packet propagation approach. The expected stronger increase of the decay rate upon crossing the edge of the band gap, however, is not observed in the experiment. The decoupling of the image-potential states from the metal surface upon adsorption of rare-gas layers results in a decrease of the decay rate as well as of its momentum dependence by a similar factor, which can be successfully explained by the change of interband and intraband contributions to the total decay rate.
I. INTRODUCTION
Lifetimes of electronic excitations are crucial for many surface phenomena such as electronically induced surface adsorbate reactions or electron transfer across interfaces. 1, 2 At metal surfaces, image-potential states have been widely used as a model system to study electron dynamics. 3 The electrons that are excited into these normally unoccupied states are trapped in front of the surface owing to the self-interaction with the polarization charge. Far from the surface, this interaction converges to the classical image potential. When electron penetration into the metal is prohibited by the projected band gap, electron motion in the direction normal to the surface is quantized and the image-potential states form a Rydberg-like series converging toward the vacuum level with energies given by E n = −0.85eV/(n + a) 2 , where n = 1,2, . . . is the principal quantum number and a the quantum defect. The electron motion parallel to the surface is quasifree with an effective mass m * close to the free electron mass m 0 . The hydrogen-like character and well defined properties make image-potential states very attractive not only for fundamental experiments but also for theoretical studies of the dynamics of excited states at surfaces. Within the one-electron picture, image-potential states are stationary on the clean metal surfaces. Their population decays because of the interactions with the bath of phonons and metal electrons. Accurate manybody calculations of inelastic electron-phonon and electronelectron scattering processes are available nowadays that have led to a good understanding and quantitative description of the image-potential states' lifetimes. 3 The theory shows that the inelastic scattering processes will, in general, depend on the parallel momentum k of the excited electrons. For a comprehensive picture about the different, simultaneously occurring scattering processes it is therefore essential to investigate the decay of the image-potential states as a function of their parallel momentum.
Detailed experimental and theoretical investigations of the momentum-dependent decay of electrons in image-potential states have been done for the clean Cu(100) surface where the inelastic lifetime τ of optically excited electrons has been measured by time-and angle-resolved two-photon photoemission (2PPE) and calculated by evaluating the electron self-energy within the GW approximation. 4 It was shown that the momentum dependence of the inelastic electron-electron decay rate
e-e = 1/τ is governed by interband and intraband decay processes. The momentum dependence of the interband decay results from the energy and momentum dependence of the electron-electron interaction as well as from a k dependence of the image-potential state wave functions due to the dispersion of the bulk bands. The intraband decay within the bands of the image-potential states for large k has a magnitude comparable to the interband decay due to the almost complete spatial overlap of the corresponding charge density distributions. For the clean Cu(100) surface, it was shown that 50% of the increase of the decay rate with the energy of parallel motion E =h 2 k 2 /2m 0 is governed by the change of the phase space for interband decay whereas the other half is due to intraband decay.
In contrast to Cu(100) where the vacuum level E vac and therefore the image-potential states are located in the center of the projected bulk band gap (see Fig. 1 ), the image-potential states can become resonant with the projected bulk conduction band on the (111) noble metal surfaces. As shown for Cu and Ag in Fig. 1 , this is the case for n = 2 and higher n states over the entire range of the momentum parallel to the surface. The n = 1 image-potential state is located inside the projected band gap of the substrate at . With increasing k , however, it crosses the boundary of the projected band gap and becomes degenerate with unoccupied bulk states. When image-potential states are degenerate with bulk bands, their population can decay via energy-conserving resonant oneelectron tunneling through the metal/vacuum interface into the bulk. The image-potential states become quasistationary within the one-electron picture and are then termed imagepotential resonances. 5 Despite the additional decay via elastic electron transfer into the bulk, remarkably long lifetimes of image-potential resonances have been observed on Ag(111). 6 It has been suggested 5 that the one-electron and many-body decay rates do not give additive contribution to the decay rate of the image-potential resonances. The decay rate and therefore the linewidth of the image-potential resonances is dominated by the resonance charge transfer rate RCT , which depends on the reflectivity of the metal/vacuum interface. 7 τ RCT = 1/ RCT defines the time during which an excited electron is trapped in front of the surface. The many-body energy relaxation (decay rate e-e ) is mainly operative once an electron is transferred into the bulk. Obviously, the appearance of the one-electron decay channel should reveal itself in the k dependence of the linewidth of the image-potential resonances on (111) noble metal surfaces. As to the many-body decay, since the bulk penetration of the image-potential states depends on their energetic position within the projected bulk band gap, 8 the inelastic decay rate of the first image-potential state on Ag(111) and Cu(111) is a priori sensitive to k .
A further important difference between the (100) and (111) noble metal surface is the occurrence of the occupied Shockley surface state in the projected band gap below the Fermi energy on the (111) oriented surfaces. This state (SS in Fig. 1 ) opens an additional surface-located decay channel that might be of great relevance for the inelastic decay of the image-potential states, since the wave functions of the image-potential states and the Shockley state have a strong spatial overlap. 9 One reason for the fact that there are only few studies on the momentum dependence of decay rates in image-potential states might be connected to experimental challenges: since the lifetimes of electrons in image-potential states are of the order of a few 10 fs, it seems to be difficult to study subtle changes as a function of parallel momentum. An elegant way to reduce and control the coupling of surface states with bulk metal is to introduce thin insulating spacer layers. [10] [11] [12] [13] [14] In many cases, this results in a drastic increase of the lifetimes. [15] [16] [17] [18] Rare-gas layers are, in particular, attractive for this purpose, since they interact only weakly with the underlying substrate and can be grown with very high order on most flat metal substrates. 19, 20 For the typical excitation energies of image-potential states, rare-gas layers do not provide additional decay channels so that the main processes behind the population decay of the imagepotential states are the same as for clean surfaces. For thick Ar layers on a Cu(100) surface, it has been already shown that the momentum-dependent decay rate of electronic states located at the rare-gas/metal interface is simply scaled by a common factor compared to the momentum-dependent decay rate of the image-potential states on the clean Cu(100) surface. 21, 22 In this contribution, we present a study of the momentumdependence of the decay rate of the first n = 1 image-potential state on clean and rare-gas covered Ag(111), Cu(111), and Cu(100) surfaces by means of time-and angle-resolved twophoton photoemission spectroscopy. These results are compared with theoretical calculations of the inelastic many-body and resonant one-electron decay rates of excited electrons in image-potential states on Ag(111) and Cu(111) surfaces based on the many-body theory within the self-energy formalism.
II. EXPERIMENT
The experiments have been carried out in a UHV chamber with a base pressure below 5 × 10 −11 mbar at room temperature. The samples were prepared by standard sputtering and annealing procedures and could be cooled down to 80 K by using liquid nitrogen or to about 25 K by using liquid helium. Surface cleanliness and order were verified by x-ray photoelectron spectroscopy (XPS), low-energy electron diffraction (LEED), and by linewidth measurements with 2PPE. 23 Atomically flat rare-gas layers were obtained by well defined gas exposures on top of an annealed monolayer, followed by a second annealing step. 24, 25 The coverage was calibrated by temperature-programmed desorption (TPD) with an accuracy of 2% of a monolayer. 24 Two different experimental setups have been used. For parts of the experiments, the optical setup consisted of a commercial 100 kHz Ti:sapphire femtosecond laser system that pumps an optical parametric amplifier generating laser pulses in the visible range with a pulse-length of typical 50 fs (FWHM). Depending on the work function of the samples, the wavelength was tuned between 515 and 580 nm, and the pulse energy was adjusted between 50 and 200 nJ. One part of the visible pulses was frequency doubled in a 100-μm-thick type I BBO crystal generating pulses with frequencies in the ultraviolet range that were used to populate the image-potential states (pump pulses). The other part of the visible pulses were used as probe pulses for photoemission of a fraction of the excited electrons. These pulses could be delayed with respect to the pump pulses by a motor-driven delay stage with a resolution of better than 1 fs.
In this first setup, photoelectrons were detected by a hemispherical analyzer (Specs Phoibos 150) equipped with a two-dimensional (2D) charge-coupled-device (CCD) detector and an angle-resolved lens mode. 21 It allowed for single-shot E(k ) measurements. At a pass energy of 10 eV, a kinetic energy range of 1.3 eV was visible along the energy-dispersive axis of the spectrometer with an energy resolution of 14 meV. The full acceptance angle of the electron lens was ±13
• with an angular resolution of better than 0.4
• , which corresponds to a momentum resolution of about 0.005Å −1 in the investigated energy range. Figures 2 and 3 display raw 2PPE data for clean Cu(111) and Ag(111). All energies are given with respect to the vacuum level that serves as the reference level for image-potential states. Energy and momentum dispersions were carefully calibrated in a previous work 21 and checked for the experiments carried out here. In order to be independent on the calibration of the momentum scale, we will, however, specify the position within an excited band in the following not by the momentum parallel to the surface k but by the energy above the band bottom. For a parabolic band, this energy corresponds to the kinetic energy of parallel motion E = k 2 /2m 0 . For the other parts of the experiments, a Ti:sapphire oscillator with a repetition rate of 82 MHz was used. This laser provided pulses with a photon energy around 1.55 eV and a pulse duration of 45 fs. One part of these laser pulses was frequency tripled by subsequent second-harmonic and sum-frequency generation providing photons with a pulse duration of about 60 fs. The other part served as time-delayed probe pulses. For most of the experiments reported here, the photon energy of the frequency-tripled pump pulses was set slightly below the work function of the respective surface in order to excite the complete system of image-potential states up to the vacuum energy and to simultaneously avoid a strong background from one-photon photoemission. In this setup, photoelectrons were detected by a conventional hemispherical electron energy analyzer equipped with channeltron detectors. The energy and momentum resolution were 22 meV and ±0.015Å −1 , respectively. Time-resolved measurements for different parallel momenta k with this experimental setup were performed by rotating the sample.
For the experiments on rare-gas covered Ag(111), a serious restriction for the achievable signal-to-noise ratio was the observation of laser-induced desorption by the visible probe pulses at 100 kHz repetition rate. Laser-induced desorption by the UV pump pulses has already been observed for 2PPE on Ar/Cu(100). 26 In the latter experiment, which has been done with the 82-MHz laser-oscillator system, the Ar desorption has been found to be driven by a single UV-photon excitation as has been concluded from the observation of a linear dependence of the desorption rate on the UV-laser fluence. This process could be neglected for the experiments on Cu(111) and Ag(111), which have been done with the amplified laser system at a repetition rate of 100 kHz. The higher peak power of the laser pulses in these experiments made it possible to use more than one order of magnitude less average power in for a comparable average 2PPE intensity. For Ar/Ag(111), however, the Ar desorption rate has been found to depend quadratically on the visible probe pulse fluence with its photon energy of 2.14 eV. This process, which has not been observed for Ar/Cu(111) and might be connected to the higher background of secondary electrons, made it necessary to considerably reduce the laser power that went along with a reduced signal-to-noise ratio.
III. THEORY
The calculations of the inelastic decay rate e-e were performed in the self-energy formalism of many-body theory using the GW approximation. 27 The method is described in detail in Refs. 3,28, and here we give just a brief overview. Within this formalism, the inelastic electron-electron scattering contribution to the decay of the electronic state with wave function 0 , energy E 0 , and wave vector k 0 is obtained as the projection of the imaginary part of the self-energy operator onto this state (atomic units are used unless otherwise stated):
Here, the self-energy is represented by the first term of the expansion in terms of the screened Coulomb interaction W , which is calculated within the random phase approximation. Summation is carried out over all final electronic states nk with energies E F < E nk < E 0 . Thus the many-body decay rate is determined by three main factors: (i) the phase space of the final states (nk), (ii) the overlap between the wave functions of the initial and final states, and (iii) the magnitude of the imaginary part of the screened Coulomb interaction ImW . The latter is given in linear response theory by
where V (r − r ) is the bare Coulomb interaction and χ (r 1 ,r 2 ; ω) is the density-density response function of interacting electron system. The electronic structure is described by a model pseudopotential U (z,k ), 29, 30 that varies only in the direction z perpendicular to the surface and remains constant in the plane of the surface. This approximation is justified for both the surface states and the image-potential states. The parameters of the pseudopotential dependent on the wave vector k in the direction parallel to the surface were adjusted in such a way that the main features of the experimentally observed band structure are well reproduced for each k point of interest: the energies of the edges of the projected bulk band gap, the Shockley surface state, and the first image-potential state. This method has been widely used for calculation of the lifetimes of excitations in surface and image-potential states on close-packed surfaces of various metals. 31 For Cu(111) and Ag(111) surfaces, we have also calculated the one-electron resonance decay rates RCT of the imagepotential resonance issuing from the n = 1 parent imagepotential state for k such that the latter disperses out of the projected band gap. To this end, we have used the wave packet propagation technique, as documented for the image-potential resonances in Ref. 5 . In brief, one studies the dynamics of the excited electron in the system described by the one-dimensional Hamiltonian:
where A(z) is a non-Hermitian absorbing potential allowing to avoid the artificial reflection of the electron wave packet at the grid boundaries as well as to account for the many-body decay of the population inside the metal. 31 The time-dependent Schrödinger equation with Hamiltonian H is solved via a short-time propagation algorithm. 32 The wave function (z,t) of the excited electron is discretized at a mesh of equidistant points in z coordinate so that the Fourier-grid technique 33 can be used. Provided (z,t) over large enough time interval, the energies and decay rates of the resonances in the system are extracted from the analysis of the autocorrelation amplitude (z,t = 0)| (z,t) .
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IV. RESULTS AND DISCUSSION
A. Clean Cu and Ag surfaces
Figures 2 and 3 show E(k )-spectra recorded at zero time-delay between pump and probe pulses for the clean Cu(111) and Ag(111) surface, respectively. For Cu(111), the pump photon energy was set to 4.82 eV, slightly below the work function 4.87 eV of the clean surface. 34 Four different electronic bands can be identified in this spectrum that has been recorded at a sample temperature of 26 K. The two weakly dispersing bands at energies of −0.82 and −0.25 eV at k = 0 are assigned to the n = 1 and n = 2 image-potential bands, respectively. Close to the n = 1 image-potential band a second structure with a stronger dispersion is visible that can be attributed to a resonant bulk transition. 35 The second, strongly dispersing band originates from the occupied Shockley surface state (SS) located at 0.435 eV below the Fermi energy. 36 Electrons in this state can be emitted by nonresonant 2PPE, thus the 2PPE signal arises at the same final state energy as for photoemission from an intermediate state at −0.45 eV for k = 0.
For Ag(111), the photon energy of the pump pulses was set to 4.28 eV, significantly below the work function of 4.56 eV 37 of the clean surface and such that the second image-potential state is not being populated. Therefore interband scattering processes between different image-potential states are avoided. The E(k ) spectrum recorded at 30-K sample temperature (see Fig. 3 ) shows the dispersion of the first image-potential state n = 1 and the resonant bulk transition. 35 In this case, the latter is energetically non degenerate with image-potential states.
The dynamics of the excited states were studied by recording full E(k ) spectra for different time delays between 205431-4 pump and probe pulses. Time-resolved pump-probe traces for different parallel momenta, as indicated by the dots in Fig. 3 , were determined by integrating the 2PPE intensity of each spectrum within a small rectangular region with an energy width of 30 meV and a momentum width of 0.013Å −1 , respectively.
Exemplary, such time-resolved 2PPE traces are shown in Fig. 4 for the n = 1 image-potential state of clean Ag(111). Clearly, the decay after excitation with the UV pump pulse (positive time delays) becomes faster with parallel momentum. The dashed line shows the cross correlation between pump and probe pulses on the sample surface, which represents the time-resolution of the experiment. It has been measured by recording the nonresonant 2PPE signal from the occupied Shockley surface state. From this measurement, the lengths of pump and probe pulse were determined to be typically 50 fs (FWHM). In the case of fast decay, the inelastic lifetime τ (respectively, the decay rate 1/τ ) has been determined by fitting the data using a rate equation model (solid lines in Fig. 4) . In most cases, however, the decay rate could be determined independently from the underlying model to describe the 2PPE process by simply fitting the exponential decay of the signal for time delays that are large compared to the pulse lengths. This has been particularly applied for the rare-gas covered surfaces where long lifetimes have been observed due to the strong decoupling of the image-potential states from the substrate.
For negative time delays, all traces show a slow, exponentially decaying component. Lifetimes derived from this decay depend on the sample temperature, increasing from 160 fs at 300 K to 250 fs at 26 K for the n = 1 image-potential state at k = 0. This component can be attributed to the decay of hot electrons excited by the visible pulse and photoemitted by the UV pulse. This process has been already observed and discussed in previous 2PPE experiments carried out on Ag(100) and Cu(100), 38 significantly stronger visible on Ag(100). Figure 5 summarizes the experimental and theoretical decay rates for the n = 1 image-potential state on the clean Ag(111) and Cu(111) surfaces. The results are plotted as a function of kinetic energy of electron motion parallel to the surface E = k 2 /2m 0 . Experimental data are shown for two different temperatures. For the sake of comparison, we also reproduce previous results on Cu(100). 4, 21 For zero parallel momentum, the lifetimes derived on Cu(111) (≈20 fs at 26 K and ≈25 fs at 80 K) and on Ag(111) (≈31 fs at 30 and 90 K) are in very good agreement with earlier experiments. [39] [40] [41] The qualitative dependence of the measured decay rate on E is similar on all three surfaces and shows an almost linear increase. Only for small energies of parallel motion the slope is reduced. Compared to Cu(100), the increase of the decay rate with E is stronger on the (111) surfaces of Cu and Ag. Within the experimental error the temperature dependence of the decay rates for Cu(111) and Ag(111) seems to be negligible in the range between 26 and 90 K.
The calculated many-body lifetime τ = 1/ e-e = 19 fs of the n = 1 image-potential state at the point on Cu(111) is in good agreement with the measured lifetime at the low temperature (20 fs at 26 K). For Ag(111), the calculated many-body lifetimes are somewhat lower than the measured data, i.e., theory overestimates the e-e decay rates. Thus at the point, the calculated value τ = 20 fs is 1.6 times lower than the experimental value (31 fs at 30 K). This discrepancy is attributed to the neglect of the surface plasmon excitation in the present calculation. In contrast to Cu, the screening of the d electrons in Ag reduces the energy of the surface plasmon below the energy of the image-potential states. Although this opens a further inelastic decay channel for electrons in the image-potential states, it has been shown that the highly nonlocal character of the self-energy near the surface leads astonishingly to an increase of their lifetime at the point of silver surfaces. 42, 43 A priori the surface plasmon excitation channel on silver is also expected to play an important role for k = 0.
As can be seen in Fig. 5 on both Cu(111) and Ag(111) surfaces the calculated many-body decay rate e-e grows almost linearly with kinetic energy of parallel motion E . This is in full agreement with experimentally measured trend. For Cu(111), the calculated many-body decay rate perfectly matches the experimental data for E up to 195 meV. This energy range corresponds to the range of the electron momenta parallel to the surface where the n = 1 image-potential state resides in the projected band gap (see Fig. 1 ). The many-body inelastic electron-electron scattering is then the dominant decay channel for the image-potential state population. For Ag(111), the slope of the calculated (E ) dependence differs from the measured one. As discussed above, we tentatively attribute the origin of this disagreement to the increasing role of direct interband transitions in the excitation of the surface plasmon with increasing k .
For image-potential states below the gap edge, three channels of many-body inelastic electron-electron scattering are possible. The intraband scattering is operative for the states with k = 0. Its contribution to the total decay rate grows with k due to the increasing number of possible final states. The contribution of this intraband term reaches at maximum ∼10% of the total decay rate for the states close to the gap edge for both surfaces.
The interband term is determined by transitions of an excited electron from the image-potential state to bulk states as well as to the Shockley surface state. Because the overlap of the image-potential state and the surface state the contribution of the latter in inelastic decay is quite significant. It amounts ∼30-40% of the total inelastic decay rate at the center of the Brillouin zone. When k increases, the rate of transitions to the surface state slowly increases. On the whole, however, the relative contribution of this process to the total decay rate decreases. Transitions to lower bulk states provide the main contribution (∼60-70% at the point) to the decay of electrons excited into the n = 1 image-potential state. At the point, the weight of the image-potential state in vacuum equals to 78% and 82% for copper and silver, respectively. However, as the gap edge is approached, this weight drops to ∼50%, thus increasing the overlap of the image-potential states with electronic states of the bulk metal. This increasing overlap is mainly responsible for the increase of e-e as a function of E , along with the increase of the phase space of final states for electron transitions.
At large k the energy dispersion with k moves the n = 1 image-potential state on both, the Cu(111) and the Ag(111), surfaces outside the band gap into the resonance with propagating electronic states of the metal bulk. The decay of the image-potential state population in this case requires a special treatment. Indeed, along with the many-body inelastic decay, the one-electron resonant decay channel into the bulk continuum opens. Image-potential states turn into resonances in one-electron sense for E above 195 meV for Cu(111) and above 225 meV for Ag(111) surface. When the energy of the image-potential state rises above the band gap edge, the resonant decay rate RCT quickly increases and becomes comparable and then larger than the many body decay rate. In overall, RCT grows 3(3.5) times faster with E for Ag(Cu) as compared to e-e . The wave packet propagation technique calculations performed with and without absorbing potential inside the metal show that in present conditions the oneelectron and many-body decay channels do not give additive contribution to the total linewidth as would be observed in spectroscopic experimental design. The total linewidth is given by the resonant decay rate. This finding is in agreement with the previously reported results for image-potential resonances at metal surfaces. 5 Basically, it reflects the fact that the trapping of an electron in front of the surface is due to the finite reflectivity of the metal/vacuum interface. In the framework of the description of the inelastic decay by an optical potential, the many-body process mainly affects the fate of the electron already transferred into the metal, i.e., lost from the point of view of the population of the transient state.
As is shown in Fig. 5 the theoretical calculations predict an accelerated increase of the e-e rate upon crossing the gap edge for Ag(111) and the onset of the rapidly increasing resonant decay rate RCT on both Ag(111) and Cu(111). The measured decay rate, however, shows no effect upon crossing of the gap edge and, rather surprisingly, follows essentially the same dependence on E as inside the gap. For an explanation, one might consider the possibility that the 2PPE experiment still detects the electron as it is already delocalized into the bulk. Under the present experimental conditions, however, 2PPE is a highly surface specific process because the matrix element between image-potential states and the photoemission final states is appreciable only close to the surface for the 1.5-eV probe photons. 44, 45 For that reason, the experiment detects the loss of excited-state surface population due to resonant, elastic electron transfer into the bulk ( RCT ) in the same way as it detects its loss due to inelastic decay processes e-e . In fact, this property of 2PPE has been exploited in several previous experiments that investigated the dynamics of imagepotential states and resonances at the point. 6, 40, 41, 46, 47 At the moment the difference in calculated and measured gapthreshold behavior of the decay rates is unclear and requires future work.
B. Rare-gas covered surfaces
The influence of rare-gas layers on the momentum dependence of the decay dynamics of the first n = 1 image-potential state has been studied for 1 monolayer (ML) Ar, Kr, and Xe on Cu(100), 1-3 ML Ar on Cu(111), and 1ML Ar on Ag(111). As an example, time-resolved 2PPE traces for one monolayer of Krypton adsorbed on Cu(100) are shown in Fig. 6 for different energies of parallel motion. Obviously, even one monolayer of Kr strongly decouples the image-potential state from the metal substrate and leads to much longer inelastic lifetimes as compared to the lifetimes on all three investigated clean surfaces. Again, the decay rate increases significantly with the energy of parallel motion. 350 fs, the time-resolved traces show a weak shoulder, which slows down the decay rate. It is caused by image-potential state electrons primarily excited into the longer-living n = 2 state that are resonantly scattered into the n = 1 state. 48 This interband scattering process is promoted by steps or surface defects as has been systematically studied by Fauster and Weinelt. [49] [50] [51] Since the relative signal arising from this processes is very small, the deduced momentum dependent scattering rates are not affected by this process. Figure 7 summarizes the results for Cu(100) and shows the momentum-dependent decay rates for one monolayer Krypton and Argon in comparison with the previous results on the clean surface. 4 For both adsorbates, a nearly linear increase of the decay rate with kinetic energies of parallel motion E is observed. The Ar monolayer leads to the stronger decoupling of the n = 1 image-potential state from the metal substrate as compared with the Kr monolayer, and consequently it is 21 as a function of energy of parallel motion E (symbols). The solid line shows the theoretical result for clean Cu(100). 4 The dashed lines represent the same curve but scaled by a factor of 2.2 and 4.05, respectively (see text). associated with longer image-potential state lifetimes. This can be qualitatively explained by the different electron affinity of the two rare gases that results in different height of the tunneling barrier for the image-potential state electrons. 18, 22 The affinity level of Ar is located 0.25 eV above E vac . 52 Therefore Ar acts as a high tunneling barrier for the whole series of image-potential states. The affinity level of Kr, on the other hand, lies 0.3 eV below E vac 53 and represents a low tunneling barrier only for the n = 1 image-potential state. For both rare gases, however, the n = 1 image-potential state is still mainly located in the vacuum and shows an effective mass for motion parallel to the surface which is close to the mass of the free electron. A conceivable influence of the incommensurate growth of the rare gas layers on the energy and dynamics of the image-potential states is therefore expected to be negligible.
Remarkably, with the decrease of decay rate from the clean to the Kr-and Ar-covered surface the change of the decay rate with E is also decreasing. Therefore the decoupling of the image-potential states by the rare-gas layers suppresses the interband scattering in the same way as intraband scattering. This becomes even more obvious from the observation that the E dependence of e-e for the clean Cu(100) surface as predicted by many-body theory within the GW approximation 4 (solid line) can also successfully describe the experimental data for the Kr-and Ar-covered surface when it is scaled by a constant factor (dashed lines). This scaling law has been found to be also applicable for the momentum-dependent decay rate of electronic states similar to the image-potential states but located at the rare-gas/metal interface, which have been observed for thick Ar layers on Cu(100). 21, 22 The same scaling has been also found for the imagepotential states on Cu(111) and Ag(111) as depicted in Figs. 8 and 9. For Cu(111), the electron dynamics in the n = 1 image-potential state have been investigated as a function of Ar-layer thickness in the range of 1-3 ML. For all three layer thicknesses, the entire E dependence of the decay rate scales with almost the same (or only slightly smaller) factor than the decay rate at the point (E = 0). This is stressed with dashed lines obtained by the scaling of the present theoretical result for the clean Cu(111) surface. Observe, that the scaling holds for a thickness of 3 ML where the n = 1 image-potential state becomes energetically degenerate with Cu bulk bands and turns into an image-potential resonance. 46 The change of the character of this state has consequence on the coverage dependence of the inelastic lifetime at the point. 46 The exponential increase of τ with coverage has different slope in the coverage ranges 1-2 ML and 3 ML, respectively. The influence of rare-gas layers on the decay rate of the image-potential states can be understood on the basis of the three main factors that determine the many-body decay rate as has been outlined in Sec. III. The decoupling of the image-potential states from the bulk metal by the spacer rare-gas layers primarily reduces the overlap of the image-potential states with bulk states as well as with the Shockley surface state. Within a very crude approximation, this effect reduces to the unique scaling factor appearing in Eq. (1) in front of the corresponding terms in the summation over the final states. Merely, this scaling factor reflects the decrease of the amplitude of the image-potential state wave function 0 in the metal region. The decrease of the overlap with bulk and surface states significantly reduces the interband contribution to e-e . The spacer layers also affect the intraband contribution through ImW . The imaginary part of the screened interaction is determined by the imaginary part of the densitydensity response function χ [see Eq. (2)], which contains contributions from bulk, surface, and image-potential states. It was shown 43, 54 that ImW decays when moving away from the surface to vacuum. Since rare-gas spacer layers push the image-potential state electron into the vacuum, the intraband scattering rate decreases through the decrease of ImW . Model calculations were also performed to confirm the former discussion. The presence of rare-gas layers was modelled by shifting the image-potential states' wave function away from the bulk metal by a distance of 1-3 interlayer spacing.
It was observed that such shift decreases the interband and intraband decay rates by different factors. The decrease factor for intraband decay is ∼30% smaller than for interband decay. As far as the intraband scattering determines ∼30% of the increase of the linewidth with E , it is expected that d e-e /dE is reduced slightly ( 10%) weaker than e-e (E = 0) when rare-gas layers are deposited. However, this difference is hard to observe within the accuracy of the present experiment. This might be the reason, why the scaling factors for the measured many-body contributions to the decay rate between the clean and Ar-monolayer covered surfaces, as shown in Figs. 7, 8 , and 9, are virtually identical. They are 4.05 for Cu(100), 3.9 for Cu(111), and 4.1 for Ag(111).
V. SUMMARY
In summary, we have shown that the experimentally observed k momentum dependence of the decay rate of electrons in the first image-potential state of Cu(111) can be quantitatively described by the many-body theory within the self-energy formalism for those parallel momenta for which the n = 1 image-potential state resides in the projected band. In this momentum range, the contribution of the interband decay to the inelastic decay rate is larger as compared to the previously studied Cu(100) surface due to the larger overlap of the image-potential wave function with the Shockley surface state as well as with bulk states. For the clean Ag(111) surface, the agreement between theory and experiment is only qualitative. The theory overestimates the decay rate and its momentum dependence, which can be attributed to the neglect of the surface plasmon excitation channel.
For larger parallel momenta, the n = 1 image-potential state on Cu(111) and Ag(111) shifts above the upper edge of the band gap, becomes resonant with projected bulk bands and turns into an image-potential resonance. This opens an additional decay by resonant one-electron decay into the bulk, which has been theoretically treated by performing wave packet propagation calculations. Above the gap edge energy threshold, the theory predicts a rapid increase of the resonant decay rate with a corresponding broadening of the n = 1 resonance. We find that the many-body and one-electron decay do not give additive contributions to the linewidth of the state, which appears to be determined by the latter decay channel. The experimentally observed decay rate, however, shows no appreciable effect of gap edge crossing but the same continuous variation as function of k over the entire k range encompassed in this study.
The decoupling of the n = 1 image-potential state by raregas layers is found to decrease the inelastic decay rate and its momentum dependence by a common factor for all three investigated surfaces. This has been tentatively ascribed to the decrease of the interband contribution to the total decay rate due to the reduction of the wave function overlap between the image-potential states and the Shockley surface state as well as bulk states.
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